ABSTRACT We determined the critical monomer concentrations at which association and dissociation reactions are balanced at the two ends of actin filaments. For measurement of the critical concentration of the pointed end, interference with the high dynamics of the barbed end was excluded by capping the barbed ends with an actin filament capping protein isolated from bovine brain. The critical concentration of the pointed end (1.5 /AM) was found to be 12-to 15-fold higher than the critical concentration of the barbed end (0.10-0.12 jAM) at a temperature of 37°C and physiological salt concentrations (100 mM KCI/1-2 mM MgCI2/ 0.3 mM EGTA or 0.2 mM CaC12, pH 7.5).
Actin filaments have been shown in vitro to lengthen at the barbed end and to shorten simultaneously at the pointed end under steady-state conditions (1) (2) (3) . This treadmilling process is driven by a continuous ATP hydrolysis occurring during the association of actin monomers with a filament end (1, 4) . At the barbed end of actin filaments, a lower critical monomer concentration is required to balance association and dissociation reactions as compared with the pointed end. The critical concentration of the pointed end could not be measured directly because association and dissociation at the barbed end occurs much faster than at the pointed end. Therefore, events occurring at the pointed end of filaments are difficult to observe without interfering with the dynamics of the barbed end (5, 6) .
In this study this problem was overcome by capping the barbed filament end with an actin filament capping protein from bovine brain (7, 8) . Capped filaments labeled with 7-chloro-4-nitrobenz-2-oxa,1,3-diazole were mixed with various concentrations of unlabeled monomeric actin. The monomer concentration range in which filaments can release subunits from the pointed ends was determined by a fluorescence change accompanying the monomer-polymer transition of labeled actin molecules. The critical concentration of the barbed end was measured by the reverse assay. Unlabeled filaments were mixed with various concentrations of labeled actin monomers. The monomer concentration range in which the barbed ends consume monomers was again determined by a fluorescence change.
MATERIAL AND METHODS
Preparation of the Proteins. Actin was prepared from rabbit skeletal muscle as described (9) , including gel filtration on a Bio-Gel P-150 column. Part of the protein was modified with N-ethylmaleimide at cysteine-374 and subsequently with a fluorescent label (7-chloro-4-nitrobenz-2-oxa-1,3-diazole) at lysine-373 (10) . Actin filament capping protein was extracted from bovine brain and purified by several ammonium sulfate fractionations and column chromatography steps-according to a published method (8) . The concentration of actin was determined photometrically at 290 nm by using an extinction coefficient of 24,900 M1 cm-1 (1). The concentration of labeled actin was measured by the method of Lowry et al. (11) , and the concentration of capping protein was determined as described by Bradford (12) .
Fluorescence Assay. The monomer-polymer transition ofactin was followed by the 2.2-fold fluorescence increase of the label on aggregation of actin (6, 10) . Five percent of labeled actin was added to unmodified actin and copolymerized.-These low proportions of labeled actin do not significantly alter the polymerization behavior of actin (6) . The molar fluorescence intensities of monomeric and polymeric labeled actin were determined by measuring the fluorescence intensities of dilution series (0-3 AuM monomeric or polymeric labeled actin).
The measurements were performed by using a Jobin Yvon threedimensional fluorimeter equipped with a mercury/xenon lamp. The excitation wavelength was 436 nm, and the emission wavelength was 530 nm. Physiologically relevant salt concentrations were used for the assays: 1 mM MgCI2, 100 (Fig. 1) . Probably, the differences in the final monomer concentrations are caused by variations in the amount of capped filaments. A relatively small proportion of uncapped filaments can decrease the monomer concentration considerably. Because the assembly reaction at the barbed end-is fast, a few uncapped filaments are able to consume the monomers released from the pointed ends efficiently (4, 5) . These experiments confirm the previously reported depolymerizing effect of molecules capping the barbed end (2, 8, 13, 14) . However, they also show that a quantitative statement about the critical concentration of the pointed end 4922 The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisenent" in accordance with 18 may be difficult to obtain by this assay because of the divergence of the final monomer concentrations (Fig. 1) .
Determination of the Critical Concentration of the Pointed End. An attempt was made to overcome the described difficulties by a more sophisticated experimental design. Various concentrations of unlabeled actin monomers (final concentrations, 0-3 uM) were mixed with capping protein (final concentration, 50 nM). Subsequently labeled actin filaments (final concentration, 2 uM filament subunits) were added. In Fig. 2 the time course of the concentration of labeled filament subunits is represented. Above a monomer concentration of 1.5 ,uM, subunits are not released from filaments. Below this monomer concentration, actin filaments release subunits as indicated by the initial decrease of the concentration of labeled filament subunits. Thus, association and dissociation at the pointed ends are balanced at a critical concentration of 1.5 AM.
Increase of the magnesium concentration (2 mM) or replacement of EGTA by calcium (0.2 mM) had no effect on the critical concentration of the pointed end.
The monomer concentrations change during the time course of the above described experiment due to release of subunits or consumption of monomers at the pointed ends or at barbed ends of filaments that may have remained uncapped. Therefore, controls were performed by repeating the experiment, with the only modification being that both monomeric and polymeric actin were labeled. Consumption of monomers and release of subunits were measured by fluorescence change. Between 1.0 and 1.5 ,uM initial actin monomers, almost no change in the monomer concentration (<0.1 ,uM) was observed (Fig.  3) . Below or above this concentration range, a considerable increase or decrease of the monomer concentration was measured, respectively (Fig. 3) . Determination of the Critical Concentration of the Barbed End. The critical concentration of the barbed end was measured by the inverse assay (6) . Various concentrations of labeled monomeric actin (0.06-0.16 ALM) were mixed with unlabeled filaments. The incorporation of monomers at the barbed end can be detected as the monomers are labeled. The disassembly of subunits from the pointed ends was not observed at early time points because the filament subunits were unlabeled. Capping the pointed ends was not necessary as the dissociation of subunits from the pointed ends was slow (see Fig. 2 ). The time course of actin monomer incorporation at the barbed filament ends is depicted in Fig. 4 . Below a monomer concentration of 0.10-0.12 piM, no monomers were incorporated at the barbed end; above this concentration, filaments incorporate monomers at the barbed end as revealed by the initial decrease of the monomer concentration (Fig. 4) . At the later stage, incorporation of labeled monomers into filaments was observed even if the initial monomer concentration was below the critical concentration of the barbed end. Presumably, the monomer concentration increases above the critical concentration of the barbed end by release of subunits from the two filament ends.
The critical concentration of the barbed end (0.10-0.12 t.LM) appears to be 12-to 15-fold lower than the critical concentration of the pointed end (1.5 WM).
DISCUSSION
The depolymerizing effect of molecules capping the barbed actin filament ends has been reported in a number of studies (2, 8, 13, 14) . Under conditions similar to the experiments described in this study, villin or severin has been found to increase the actin monomer concentration to 1 or 2 AM, respectively (13, 14) . These values are quite consistent with the measured critical concentration of the pointed end of actin fil- cl is the monomer concentration. aments (1.5 ,uM). The results of this study agree with the previous finding that, for pure muscle actin, the critical concentration of the pointed end is above 0.5 ,AM (6) . The investigation on pure actin (6) demonstrates that the difference between the critical concentrations of the two ends is an inherent property of actin filaments and excludes the possibility that the capping molecules induce a disparity of the critical concentrations. The difference between the critical monomer concentrations provides additional evidence that actin filaments can treadmill at physiological salt concentrations (6) . If the monomer concentration is between 0. 12 and 1.5 A.M, subunits are released from the pointed ends and monomers are incorporated at the barbed ends.
Treadmilling may be one of the molecular mechanisms that play a role in the turnover and organization of actin filaments in living cells. The dynamics of actin filament assembly and disassembly has been demonstrated by recent studies on the recovery of photobleached segments of fluorescently labeled stress fibers (15, 16 
